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Edited by Hans EklundAbstract pKa values of ionizable residues were calculated for
the crystal structures describing the pH and NO binding depen-
dant conformations of nitrophorin 4, a pH sensitive NO carrier
heme protein. Comparison of resultant H-bonding patterns al-
lowed the identiﬁcation of the amino acids that take part in sig-
naling pH change. We carried out MD simulations to show that
the protonation state of Asp30, buried in the closed conforma-
tion, is crucial for maintaining the tight packed conformation
of the closed form of the complex – presenting a model for the
functional decrease of NO binding aﬃnity of nitrophorins at
physiological pH.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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dynamics1. Introduction
In 1837 Charles Darwin returned from his historic expedi-
tion in South America with an enormous amount of scientiﬁc
results and, unfortunately, with an illness called Chagas dis-
ease. Although Chagas disease is still concentrated to Middle
and South America, it is estimated that actually 16–18 million
people are infected and almost 50000 will die each year.
Chagas disease is an infection damaging the heart and nervous
system caused by the parasite Trypanosoma cruzi transmitted
by kissing bugs, e.g., Rhodnius prolixus. This blood-sucking in-
sect is capable of ingesting the victims blood with great eﬃ-
ciency, having developed a highly sophisticated mechanism
to overcome hemostatic reaction of the victim. Nitrophorins
(NPs), NO-carrying heme proteins found in the insect saliva,
are key elements of this system. NPs transport NO, bound
to the ferric heme center, from the insect saliva to the victims
tissue, where, by releasing NO, initiate vasodilation, inhibit
platelet aggregation and by binding histamine, delay immune
response [1–3]. NPs have unique hemoprotein structure of an
open-ended b-barrel [4]. The heme prosthetic group is an-
chored to the protein matrix by a histidine residue (His59),
leaving the sixth coordination site available for ligand binding.
Functional requirement of tightly binding and storing NO in
the insect saliva while readily releasing it once within the victim
is accomplished through pH sensitive binding aﬃnity of NPs*Corresponding author. Fax: +36 1 4633953.
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doi:10.1016/j.febslet.2005.09.003toward NO. The insect saliva is considerably more acidic than
the victims blood (approx. pH 5.6 and 7.4, respectively). It
was a startling discovery that although NO binding aﬃnities
do diﬀer at the two relevant pHs, neither the redox potential
[5], nor the spectral properties of the complex [6,7] show pH
dependency. Association rate constants do not change with
pH either, however the dissociation rate constant was found
to be pH dependent; NO release is much faster at higher pH.
On a molecular level, pH sensitivity was linked to the deproto-
nation of a single – or a group of – ionizable residues, that
switch protonation state near pH 6.5 [5].
During its catalytic cycle, the protein goes through pH and
ligation state dependent structural transformations between
the so-called open and closed form. The low pH (pH 5.6)
NO bound complex represents the closed form, where non-po-
lar side-chains of the loops crowd the ligand-binding cavity
shielding it from the exterior [8], while the high pH (pH 7.4)
NO-free structure was designated as open. Transition between
the two forms is accomplished through the reorientation of
two mobile, surface loops, loop A–B (residues 31–37) and loop
G–H (residues 125–133).
Results of recent FTIR studies [9] and high-resolution X-ray
structures [10] have shown that the closed and open forms ofNP
are simultaneously present under all experimental conditions
and that changes in ligation state or pH result in a shift in the
population distribution of the forms. Beside the structural
changes another pH dependent descriptor was formulated –
the ﬂexibility of the implicated loop regions was shown to in-
crease with increasing pH [10]. Thus, the current view of the
‘‘closed’’ conformer is one where tight packed hydrophobic
side-chains present a barrier to both NO escape and solvation.
Opening of the inner core and increasing mobility at higher
pH promotes solvation of the cavity and dissociation of the li-
gand. The previously determined structures of the low pH NO
complex [8] and the high pH ligand free state [11] seem to span
the scope within which the structural transitions take place.
It has been demonstrated in mutation studies that the dis-
ruption of the H-bond network between loop A–B and G–H
eﬀects the pH dependency of NO binding in NPs [12], therefore
in this study we aimed to clarify the protonation states and
H-bonding patterns of the characteristic forms of the catalytic
cycle. Here we present the results of pKa calculations that al-
lowed the identiﬁcation of the amino acids that take part in
signaling pH change. We carried out MD simulations to show
that the protonation state of one of these residues (Asp30, bur-
ied in the closed conformation) is crucial for maintaining the
tight packed, more rigid conformation of the closed form of
the complex.blished by Elsevier B.V. All rights reserved.
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2.1. pKa calculations
Ionization states of Asp, Glu, His, Lys and Arg residues
were calculated by ZAP, a ﬁnite-diﬀerence Poisson–Boltzmann
solver available from OpenEye Scientiﬁc Software, Inc.[13].
ZAP_pKa library contains the source code and also a dictio-
nary ﬁle derived from the CHARMM22 force ﬁeld including
only natural amino acids. Connectivity information, bond
and angle descriptions and charges for Fe(III)–heme were ob-
tained from the extended CHARMM22 force ﬁeld [14] and
used for its parametrization. Heme propionates were consid-
ered as non-titratable groups having a sum of permanent neg-
ative charge of 2.
Calculations were based on crystal structures of NP4 in three
diﬀerent states: the NO complex of the protein at low pH (pH
5.6), the NO-free protein at the same pH (with a water mole-
cule bound at the ligand-binding site) and the NO-free protein
at pH 7.5 (with NH3 bound to the heme iron) (PDB code: 1erx
[8], 1d3s [8], 1d2u [11]), respectively. The N-terminus was pro-
tonated, while the C-terminus deprotonated in all calculations
(former is the evident donor, the latter the acceptor of two
strong H-bonds in all considered structures). Calculation of
the elements of interaction matrix involved a set of inner
dielectric constants of 2.0, 4.0, 8.0 and 10.0, while the external
dielectric was set to 80.0. Evaluation of ionization states has
been performed by Monte Carlo search at pHs gradually
increasing from pH 0 to 14 by 0.1 increments. pKa values were
calculated as pK1/2 of corresponding titration curves.
2.2. Molecular dynamics simulations
Molecular dynamics simulations were started from the X-ray
structure of NP4–NO complex (PDB code 1erx) crystallized at
pH 5.6 [8]. The simulation system was set up using a cubic box
of side 70 A˚ that includes the protein solvated with 10.461
SPC [15] water molecules. The overall charge of the protein
was +7 e; consequently, 7 Cl ions were added to ensure electro-
neutrality of the system. The total number of atoms was 33299.
All MD simulations were carried out using the GROMACS
simulation suite [16] and GROMOS96 force ﬁeld [17]. Applica-Fig. 1. Comparison of the calculated pKa values (calculated using an inner d
6.5 ± 1 in any of the three structures (grey: PDB code 1erx (low pH NO com
1d2u (high pH NO-free form)).tion of the LINCS [18] and SETTLE [19] methods allowed for
an integration step size of 2 fs. The simulation was conducted
at constant temperature (T = 300 K), pressure (P = 1 bar) and
number of particles [20]. Solvent (i.e., water and ions) and pro-
tein were temperature-coupled separately, with a coupling con-
stant of sT = 0.1 ps. Isotropic pressure coupling was used, with
a coupling constant of sP = 1.0 ps.
Aliphatic groups in the protein were treated with the united
atom representation. The van der Waals interactions were
modeled using a 6–12 Lennard–Jones (LJ) potential, cut-oﬀ
at 10 A˚, with ﬁrst- and second-neighbour exclusions and scaled
third-neighbour LJ coeﬃcients. Electrostatic interactions were
computed using the Particle-Mesh Ewald algorithm [21], with
a 9 A˚ cut-oﬀ for the direct space calculation.
Each simulation started with an energy minimization using a
steepest descent algorithm and was followed by simulations of
200 ps length with harmonic position restraints applied on all
protein atoms (force constant 1000 kJ mol1 A2) to allow
relaxation of the solvent molecules. 5 ns NPT molecular
dynamics simulations were started from the energy minimized
structure of NP4 produced by the corresponding position re-
strained simulation. The coordinates of the system were stored
after every 500 steps to yield a total of 5000 sampled confor-
mations for each trajectory, having excluded the ﬁrst 500 ps
which was regarded as the equilibration period.3. Results and discussion
Titration curves were calculated for each Asp, Glu, His, Lys
and Arg residue of three structures of NP4, that of the low pH
(pH 5.6) NO complex (1erx [8]), the low pH NO-free state
(1d3s [8]) and the high pH (pH 7.4) NO-free form (1d2u
[11]) representing the endpoints of its pH and ligation state
dependent structural transformations. It has been shown, that
the functionally critical protonation/deprotonation should
take place near pH 6.5 [5]. Based on the pKa values of the open
and closed form, one can approximate the set of involved
amino acids whose pKa – coupled to the structural rearrange-
ment – stays within, or migrates through, the 6.5 ± 1 interval.ielectric constant of 4.0) for those residues which have a pKa value of
plex), black: PDB code 1d3s (low pH NO-free state), white: PDB code
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acids. The following seven residues were found implicated:
Asp27, Asp30, Glu32, Asp35, His124, Asp129 and Asp132,
independent of the inner dielectric constant used. It is quite
interesting to see, that all are members (or close neighbors)
of loops A–B and G–H. Therefore the eﬀect of pH is, indeed,
focused into this well-deﬁned segment of the protein. The
greatest change in pKa between the three states is experienced
by three close-by amino acids of loop A–B: Asp30, Glu32 and
Asp35, of which the pKa of Asp30 is the most structure-sensi-Table 1
Protonation state of the ionizable residues of NP4a
NP4–NO
(pH 5.6)b
NP4–H2O
(pH 5.6)c
NP4–NH3
(pH 7.5)d
Lys4 + + +
Lys14 + + +
Asp15   
Lys16 + + +
Asp21   
Asp27 + + 
Asp30 + + 
Glu32 +  
Asp34   
Asp35 +  
Lys38 + + +
Arg39 + + +
Lys52 + + +
Lys54 + + +
Glu55 + + +
Asp61   
Lys63 + + +
Asp66   
Asp70 + + +
Glu73   \
Glu77   
Lys81 + + +
Lys87 + + +
Lys88 + + +
Asp90   
Lys91 + + +
Lys96 + + +
Asp113 + + +
Asp114   \
His120   
His124 + + 
Lys125 + + +
Lys128 + + +
Asp129 +  
Asp132 + + 
Arg139 + + \
Lys141 + + +
Asp142   
Asp147   
Lys148 + + +
Lys150 + + +
Glu159   
Lys162 + + +
Lys167 + + +
Glu168   
Asp174   
Asp176   
Lys179 + + +
Lys184 + + +
a+ Indicates residue to be protonated, while  stands for the depro-
tonated form.
bLow pH (pH 5.6) NO complex (1erx [8]).
cLow pH NO-free state (1d3s [8]).
dHigh pH (pH 7.4) NO-free form (1d2u [11]).tive. As it can be seen in Table 1, at pH 5.6, in the NO complex
of NP4, half of the anionic residues (Glu, Asp) are protonated
and neutral. Three of these residues remain protonated in the
other two structures as well: Glu55 stays buried in a hydropho-
bic region of the protein interior, while Asp70 coordinates one
of the heme propionates in all three structures, as was antici-
pated by bond lengthening of the carboxyl group of Asp70 de-
tected in ultra high resolution crystal structures [10]. Asp113 is
a surface close amino acid participating in a number of H-
bonds both as donor and acceptor. Protonation of Asp27,
Asp30, Asp35 and Asp132 allow H-bond formation toward
Ser165, Leu130, Glu32 and Thr3, respectively. As it can be ex-
pected based on the pKa values and coupled shifts, the combi-
nation of NO binding and pH change eﬀect protonation state
of the aforementioned seven loop residues; the rest do not re-
spond to either change.
According to our results, in the crystal structure of the low
pH NO complex, the Gly131-Asp129-Nterminus-Glu32-
Asp35, Asp132-Leu31 and Asp30-Leu130 H-bonds pull and
lock the two mobile loops together. In case of the NO-free
structures at either pH, the protonation state of several of
these amino acids changes, resulting in the break-up of three
H-bonds – those between Asp35-Glu32, Gly131-Asp129 and
Asp30-Leu130. The pH dependency of the open form is quite
subtle, the diﬀerence being that at pH 5.6, the protonation sites
of Asp30 and Glu32 – due to their relatively high pKa value
(5.1, 4.9, respectively) – retain an approximately 0.3 occu-
pancy, therefore remain potential proton donors, while at
pH 7.4, both deprotonate completely. (High relative pKa in
case of Asp30 is caused by the proximity of non-H-bonding
backbone carbonyls of loops A–B and G–H, especially, car-
bonyl oxygens of Glu32 and of Asp132 are both within 4 A˚
in all structures. Similarly, Glu32 is neared by carbonyls of
loop G–H and of Ala1.)
This, in case of Asp30, has a peculiar signiﬁcance. Asp30 is
the proton donor of one of the two inter-loop H-bonds of the
closed form, which interaction is lost due to the ﬂipping of
Leu130 in the open, ligand free state. At pH 5.6, however, if
NO, the hydrophobic attractor of the closed form should ap-
pear at the heme site, attracting the aliphatic side-chain of
Leu130 toward the distal heme side and thus forcing its car-
bonyl to face the carboxyl oxygens of Asp30, due to partial
protonation of the latter, loop A–B and G–H might readily
be re-ligated via the Asp30-Leu130 H-bond without a change
in protonation.
This notion can be supported both by the fact that the high-
resolution X-ray study of the low pH NO-free form revealed
that in 27% of the molecules Asp30 and Leu130 stayed near
H-bonding distance (distance of the OD1 of Asp30 and the
carbonyl oxygen of Leu130 was found to be 3.6 A˚, as opposed
to the 6.5 A˚ value in 73% of the structures) [10] supporting a
correspondingly high fraction of protonated Asp30. FTIR de-
tected structural heterogeneity of the active site that results in
varying polarity and hydrophobicity of the distal heme pocket
[9], which could also be explained by the varying protonation
state of Asp30. The hydrophobic interior seems specially engi-
neered to host the Asp side-chain at position 30. D30N muta-
tion [12] lead to ineﬀective closing of NP4, in spite of Asn
being a possible H-bond donor toward Leu130, most likely
due to the extra amide hydrogen lacking an electrostatically
ﬁt interaction partner but being closest to the hydrophobic
side-chains of Val36 and Leu133.
Fig. 2. Conformational rearrangement of surface loops A–B and G–H. Crystal structure of the low pH NP4–NO complex (1erx) [8] is shown with
assigned secondary structure (yellow for b-strands, purple for helices and cyan for loops). Loop regions A–B and G–H obtained by MD simulations
are colored green and red for runs with protonated and deprotonated Asp30, respectively. Insert shows the enlarged view of loop reorganization.
Fig. 3. Panel A. The open-up of nitrophorin structure. Distance (in A˚) between Ca positions of the low pH NO complex (pdb code: 1erx) and of the
low pH NO-free state (pdb code: 1d3s) (grey), and the distance between Ca positions of the low pH NO complex and of the high pH NO-free state
(pdb code:1d2u) (black). Panel B. The simulated opening of the structure. Distance (in A˚) between Ca positions of the average structures of the two
MD trajectories.
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less signiﬁcance, since Glu32 is the acceptor, not the donor
of the intra-loop H-bond formed with Asp35. The proton
of Glu32 does not have an acceptor, even in the closed form,
reaching toward the surface of the molecule. Based on the
above, we postulate the protonation state of Asp30 to be a
prominent descriptor of the pH dependent protonation mo-
tifs of NPs.
MD simulations were carried out to test whether the derived
protonation states are indeed coherent with the experimentally
determined structure and to show that, although the change of
pH results in the protonation change of a group of residues,
out of these, the protonation state of Asp30 is of singular sig-
niﬁcance. First a 5 ns MD simulation was carried out starting
from the crystal structure of the pH 5.6, NO complex, proton-
ated according to that state. The conformation of the average
structure of the equilibrated trajectory is quite similar to that
of the crystal structure. RMS deviation of Ca atoms (ﬁtted
along the full sequence) was 1.29 A˚, for Ca atoms of loop A–
B 1.29 A˚, while for loop G–H 1.36 A˚ (from the same ﬁt). In
fact, greater than average deviation values all belong to
surface-close amino acids, due, most likely, to solvation of
the molecule. A similar eﬀect was also seen in the ultra high-
resolution crystal structure of the complex where a number
of surface side-chains and residues 100 and 101 were found
to be disordered [10]. The overall b-barrel structure and the
characteristic interactions of the NP protein bulk remained
unchanged by the simulations. Proximal histidine (His59)Fig. 4. The distance of the carboxyl oxygens of Asp30 and its H-bonding par
Leu130 (grey) and of Gly131 (black) in the simulation where Asp30 is proton
Asp30 and the protonated carboxyl oxygen of Asp35 in the simulation withanchoring the heme group reached within 2.00 A˚ of the central
iron (as in the crystal structures), the angle formed by the heme
and imidazole planes was also well reproduced (71.7 in the
ﬁrst simulation, 74.2 in the second, while values between
76.9 and 78.2 can be found in the crystal structures). The
H-bond pattern within loops A–B and G–H was similarly re-
tained, however the Asp30-Leu130 H-bond was partially re-
placed; only approximately third of the snapshots has this
interaction, in the others, the neighboring carbonyl group (that
of Gly131) takes the place of Leu130. The transfer results in no
serious disruption of loop structures and more importantly,
keeps loop A–B and G–H locked together (Fig. 4). Although
H-bond formation between Gly131 and Asp30 was not de-
tected experimentally, since loop G–H is a surface loop, solva-
tion of the protein in the simulation might account for the
experienced diﬀerences. Its quite noteworthy that all crystal
structures of NP4 available so far are of the same symmetry
(C2). Crystal contacts and solvent channels of one and the
same arrangement shaped therefore the experimentally deter-
mined molecular surface of NP4, including the structure of
its ﬂexible loops. On the other hand, in the NO complex
of NP1, the structurally and functionally closest isoform of
NP4, which crystallized into the P21 space group [6], Asp30
H-bonds the carbonyl of Asp132, which indicates the possibil-
ity of nearby carbonyls taking each-others place in this inter-
action.
A second 5 ns MD simulation was carried out where Asp30
was deprotonated (with the NO ligand tied to the heme iron totners. Panel A. The distance of Asp30 OD2 and the carbonyl oxygen of
ated. Panel B. The distance of the H-bond forming carboxyl oxygen of
Asp30 deprotonated.
Table 2
Calculated thermal factors
Loop A–B Loop G–H Full sequence
Ca
a
Protonated Asp30 64.5 22.65 27.96
Deprotonated Asp30 71.32 48.19 31.43
All atomb
Protonated Asp30 88.97 61.60 55.74
Deprotonated Asp30 107.81 121.66 61.23
aAverage thermal factor of Ca atoms for loop A–B, loop G–H and
along the full sequence in the two MD simulations.
bAverage values calculated for all atoms of indicated residues.
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atoms from the crystal structure of the low pH NO complex
was 1.62 A˚ in this case, for Ca atoms of loop A–B 1.93 A˚, while
for loop G–H 2.54 A˚ (from the same ﬁt). Comparison of the
average structures of the two simulations is shown on Fig. 2.
Deprotonation of Asp30 had the greatest eﬀect (aside from
the terminal regions) on the structure of loop A–B, residues
100 and 101, and loop G–H (Fig. 3). Residue 101 seems to
be pulled from its original position by the restructured loop
G–H, a strong H-bond forms between the amide group of
Gly126 and the carbonyl oxygen of Ala101. Deprotonated
Asp30 was found H-bonded to a member of its own loop,
the protonated Asp35 (Fig. 4).
We compared calculated B factors between the two simula-
tions too, as summarized in Table 2. B factors of the atoms
of loop G–H increase considerably as a result of deprotonat-
ing Asp30. Some increase can be seen in loop A–B also, if all
loop atoms are considered, similar in extent to the overall in-
crease between the two runs. The Asp30-Asp35 H-bond of
the second simulation probably contributed to restriction of
the mobility of loop A–B. Further liberation of this segment
should be expected if the complete switch in protonation mo-
tif prompted by pH change is considered – in which case
Asp35 would be deprotonated also, and would not be able
to anchor Asp30.
In X-ray studies, loop A–B was found generally in the closed
state, its opening only witnessed in the pH 7.4, NO-free struc-
ture. NO binding, at both pHs, results in a dominantly closed
conformation for loop G–H; at pH 5.6, the open/closed ratio
for this region shifts from 0.73/0.27 to 0.30/0.70, while at pH
7.4, from 1.00/0.00 to 0.47/0.53, as a result of ligand binding.
The increase in pH, on the other hand, was shown to enhance
opening of the structure, although to a slighter degree. Deprot-
onating Asp30 in the simulation resulted in a state, which
represents a signiﬁcant transition toward the open form. Loop
A–B, residues 100–102 and loop G–H move to loosen up the
structure of the ligand-binding cavity (Fig. 2.). Two H-bonds,
from the set of three – accounting for the diﬀerence between
the H-bond network of the closed and open form – broke
up, those of the Asp30-Leu130 and the Gly131-Asp129 inter-
actions. Increase of calculated thermal factors of the loop re-
gions indicate that greater ﬂexibility is granted to the loops,
especially in case of loop G–H. Therefore, with Asp30 depro-
tonated we obtained an average structure very similar to that
of the high pH NO complex, which is a half-and-half mixture
of the open and closed forms with enhanced mobility of loops
A–B and G–H.4. Conclusion
According to the results, pH sensitivity of NO binding by
NPs lies in the pH dependent willingness for forming an NO
retaining rigidiﬁed inner core, which – at low pH – is greatly
enhanced by the protonated state of Asp30. In case of the
dynamic equilibrium of the NO complex at pH 5.6, even if
the structure opens up completely, Asp30 retains its proton
and the hydrophobic trap of NO can readily be reformed.
However, if the same complex is transferred to a high pH med-
ium and Asp30 deprotonates as the NO-bound form opens up,
although loops A–B and G–H might re-collapse on the ligand,
the complex formed, according to our results, will be more
open and quite a bit more ﬂexible providing more straightfor-
ward escape for the ligand.
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